This paper studies the autonomous entering gate capability for the automated guided vehicles (AGVs) mounted with the laser ranger finder (LRF). The AGV is a 4-wheel drive vehicle which can turn in any speed, while the equipped LRF can detect all the closer objects, such as the gateposts of gates, within the scanning span angle more than  90  . The shortest route for an AGV entering the gate is the main performance index while the gateposts of the gate within the LRF scanning span angle is necessary. This paper proposes a feasible geometry approach to satify the optimal performance index under the constrants of the scanning span angle for the gateposts. Besides, this paper also formulates the performance index and the constrants in mathematics. The results show that this proposed approach is feasible and realizable for the gate entering tasks of AGVs with LRF.
Introduction
In recent decades, researchers have attended to the studies of the collision avoidance system (CAS) in automotive industry for on-road vehicles [1] [2] [3] [4] [5] . For off-road vehicles, automated guided vehicles (AGVs) especially, the collision avoidance is also significant for front obstacles [6, 7] . For the environment perception and collision avoidance purposes, AGVs are usually mounted with laser range finder (LRF) for purposes. The LRF can detect all the closer objects and measure their positions for each scanning span angle within the span angle more than 90  . For instance, the scanning span angle of a scanning laser range finder (Hokuyo: UST-20LX (UUST004)) is ranged from 0 to 270 , or within 135  shown in Figure 1 . The positions of the objects within the scanning span angle can be evaluated according to the distances and angles of those objects related to the LRF. Consequently, the information acquired from the LRF can assist not only the collision avoidance for obstacles within the scanning span angle but also autonomous tasks such as route finding, gate entering, etc. The gate entering task is defined as that an AGV can recognize the gate from the gateposts, and find the route passing the gate autonomously if the AGV can pass. An AGV with a LRF can sense the gateposts and evaluate their positions and size for the gate within the scanning span angle. On the contrary, the AGV will lose the position information of the gateposts in case that one of the gateposts is out of the scanning span range of this LRF. However, to find a better route for an AGV entering the gate autonomously is still a task for AGV operations. This paper proposes geometry approach to the autonomous passing gate with the shortest route for AGV. The result can extend to more general cases of the gate passing.
Problem Definition
The AGV can be in any position, i.e., not only on the left side but also on the right side of the gate. Besides, the gateposts of the gate should be obvious to be detected and the width of the gate is bigger enough than that of the AGV. In addition, the AGV is a 4-wheel drive vehicle which can turn in any angle as the speed is low enough. The position located in front of the gate with a distance on the center line of the gateposts is called turn point where the AGV can turn to pass the gate independent of the AGV's shape or size. The turn point is indispensable since the AGV is a body with it size. The geometry of the AGV, the gate with it gateposts, and the turn point is shown in Figure 2 . In this paper, d is the distance between the gate center and the turn point. d can be zero if the gate is much wider than that of AGV.
denotes the position of the AGV, the turn point, the left gatepost, and the right gatepost, respectively., while
is the initial position of the AGV. Problem Definition: The problem is to find the better route autonomously for an AGV in any position entering the gate with an assigned distance, d, as the turn point in front of the gate while the gate is with two gateposts that can define the gate size. In this paper, we assume that an AGV mounted a LRF which can detect all the closer objects in front of the vehicle within the scanning span angle of 90  , as shown in Figure 3 .
Geometry Approach to the Gate Entering Problem
According to the geometry, the turn point position can be as follows.
In order to find the shortest route from AGV and the turn point, the performance index is mathematically formulated as follows. 
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. From (1), the turn point position can be decided if both the position of gateposts can be detected. That is, the gateposts should be within the LRF scanning span range of 90  during the route following of the AGV. Otherwise, the AGC will lose the information for one of the gateposts and then will lose its relative position to the gateposts. Therefore, the constraints are (2) is still strenuous to solve analytically even by numerical methods with the constraints mentioned above. According to the positions geometry of the AGV, the gateposts, and the turn point as in Figure 2 , we draw a circle passing turn point centered at right gatepost if the AGV is on the right side of the gate centerline.
It is, if the AGV is on the circle forward to the turn point, the route is the shortest with the constraints intuitively. In case that the AGV is inside the circle, there is no solution for the AGV forward to the turn point according to the constraints. On the other hand, if the AGV is outside the circle, (2) turns out to be the shortest path with the combination of line and circle arc. In the geometry, it is obvious that to the shortest path, or the shortest route, with constraints can be the line from the position of the AGV forward to the turn point and tangent to the circle, and from the tangent point along the circle arc to the turn point. For instance, if the AGV on the right side of the centerline, a circle can be centered at right gatepost and passing the turn point with radius
To solve (2) with constraints, the shortest route of AGV can be the route from the position of the AGV tangent to the circle and then along the circle to the turn point as shown in Figure 4 . No solution will be found when AGV is inside the specified circle (the zone with yellow in Figure 4 in case of AGV in the right) since AGV inside the circle will bring the results that the gatepost, or the center of the circle, will be not within the LRF scanning span angle of 90  . It is similar that to slove the shortest route as the AGV is on the left side of the gate centerline.
Conclusions
This paper proposes an geometry approach to solving the shortest route from (2) with constraints. It shows that the approach is efficient for the sake of the LRF scanning span angle 90  . The solution of (2) with constraints would be solved by numerical methods or the variant geometry approaches if the LRF scanning span angle is not 90  . This approach not only solve the gate entering problem but also the other problems which can be transform to the standard problem of (2) with constraints. The results can generalize that the solution will become conservative/unconservative if the LRF scanning span angle is wider/thicker than 90  .
